Studies examining the health benefits of high-protein diets typical of most affluent and many developing countries are not consistent. Prospective epidemiological studies relating dietary protein to clinical and metabolic endpoints suggest increased weight gain and increased risk of diabetes amongst those with a high protein intake and an increased risk of cancer with high intakes of red meat, but lower blood pressure and possibly a reduced risk of heart disease with higher protein intakes. The potential for high-protein diets to confer greater benefit than other diets has been examined using ad libitum and energy restricted diets. Of greatest interest have been the comparisons between high-protein and high-carbohydrate diets. Many trials have reported greater weight loss especially in the context of ad libitum diets over the short-to medium-term, sparing of lean body mass, lowering of triglyceride levels, improved HDL: total cholesterol ratio and improved glycaemic control. Limited data regarding insulin sensitivity are less consistent. A major difficulty in interpreting the results of these studies is that carbohydrate quality has not been taken into account. Furthermore, longer term comparisons of weight reducing diets differing in macronutrient composition have reported similar outcomes, suggesting that compliance is a more important consideration. Nevertheless dietary patterns with high-protein intakes are appropriate for weight reduction and weight maintenance and may be useful for those who have high triglyceride levels and other features of the metabolic syndrome.
The traditional hunter-gather diets eaten by our pre-agricultural ancestors were higher in animal protein than contemporary diets (1) . However this is of little relevance to current dietary recommendations given that modern protein sources, other dietary attributes, as well as lifestyle patterns, are different from those of traditional hunter-gatherer communities. Studies examining the health benefits of high-protein diets in the modern context have not reported consistent findings, nevertheless examination of the relevant literature suggests that high-protein diets may confer some advantages, particularly for overweight individuals with features of the metabolic syndrome (2 -4) .
Epidemiology
Prospective epidemiological studies examining associations between dietary protein and health are relatively sparse and conflicting. Recently several large prospective studies in men and women have shown protein intakes to be associated with increased risk of diabetes (5 -7) corresponding with earlier reports that dietary protein from animal sources was associated with increased insulin resistance in young adults (8) . Although these findings were somewhat attenuated after adjustment for multiple potential lifestyle and dietary confounders the associations remained statistically significant. Moreover these studies consistently showed that animal protein sources such as red meat explained much of the association. Similarly there is convincing epidemiological evidence linking red meat consumption with increased risk of colorectal cancer (9, 10) but not dietary protein per se. In contrast to the increased diabetes risks when comparing extreme intake quartiles, women with the highest protein intakes have previously been shown to be at reduced risk of ischaemic heart disease (11) , although recent analysis of the same data set and with longer follow-up has shown high red meat intakes were associated with ischaemic heart disease even after adjusting for other risk factors (12) . A similar trend has been shown in men although an association between animal protein and risk of ischaemic heart disease was only shown in men who were initially free of hypertension, hypercholesterolaemia and diabetes (13) . Conversely dietary protein has been shown to be unrelated to risk of stroke in the same group of men (14) but has been shown to be protective in a Japanese population (15) .
In postmenopausal women total protein and animal protein intakes were not associated with coronary heart disease mortality (16) and cancer mortality (16) when analyses were adjusted for potential confounders. However models of isoenergetic substitution of vegetable protein for animal protein suggested reduced risk of coronary heart disease mortality (16) . In addition a recent systematic review of the evidence from observational studies and trials examining relationships between protein and blood pressure suggests a modest beneficial effect of protein, especially plant protein (17) .
Weight loss
The potential for high-protein diets to confer greater benefits in terms of weight loss than other diets has been examined using ad libitum and energy-restricted diets. Ad libitum diets are more likely than energy-restricted diets to allow identification of unique properties of protein in facilitating weight loss since strict control of energy intakes will invariably achieve clinically important weight loss that will almost certainly mask any relevant metabolic effects of protein. Interest has particularly centred around comparisons between highprotein and high-carbohydrate diets. In randomized intervention trials ad-libitum diets with a relatively high protein content (25-30 % of total energy intake) have been shown to facilitate weight and fat loss to a statistically significantly greater extent than high-carbohydrate diets with protein providing 10-20 % of total energy (18 -23) . A well-designed study by Skov and colleagues compared fat-reduced diets that were either moderately high in protein (protein 25 % of energy; carbohydrate 45 % of energy) or high in carbohydrate (protein 12 % of energy; carbohydrate 58 % of energy) in a group of obese adults (18) . Energy intakes were not restricted. After 6 months the high-protein group had lost significantly more total body weight (þ3·7 kg) and body fat (þ3·3 kg) than the high-carbohydrate group and this was accounted for by a spontaneous reduction in energy intake. After 1 year of follow-up the high-protein group had maintained a greater degree of weight loss than the high-carbohydrate group but the difference between the two diets was no longer statistically significant (20) . However reductions in waist circumference and intra-abdominal adipose tissue remained significantly lower in the high-protein diet group (20) . Although ad libitum intakes were permitted, this study involved intensive dietary counselling and macronutrient composition was tightly controlled by providing the majority of foods consumed through a study-shop. A study undertaken by our group compared two popular diets (the high-protein Zone diet and the high-protein and high fat Atkins diet) with a conventional low-fat, high-carbohydrate diet in overweight, insulin resistant women (21) . As with the Skov et al study ad libitum energy intakes were permitted for all three diets but foods appropriate to each diet group were not provided. After 6-months individuals on the Zone and Atkins diets had lost significantly more weight and had greater reductions in blood triglyceride concentrations than those on the highcarbohydrate diet. The continuing apparently greater weight and fat loss in the high-protein (Zone) group at 12 months was not statistically significant, but blood triglyceride concentrations remained significantly lower. Furthermore the proportion of individuals who had lost more than 10 % of their initial body weight remained significantly higher after one year on the high-protein diets in our study (20) as was the case with the study by Skov and colleagues (20, 22) . It is also relevant to note that in both studies the highcarbohydrate diets were not high in dietary fibre with participants on average achieving less than 25 g dietary fibre per day, even though a high dietary fibre intake was intended (at least in our study (24) ). When comparing energy-restricted diets the evidence relating to weight loss is less consistent. The majority of studies comparing high-protein diets with low-fat, high-carbohydrate diets have not found differences in weight loss either over the medium term (8-16-weeks) (25 -30,23) or the long term (12-months) (31, 32) . Two studies have compared the effectiveness of four popular diets for weight loss over 12-months and reported no particular benefit of the high-protein Zone diet (33, 34) . In these studies subjects were given relatively intensive counselling support in the early months of the study after which time the level of support was reduced. One of the studies found that weight loss was associated with measures of adherence to the dietary advice but there were no differences between the four dietary approaches (33) . In the other study although weight loss on the Zone diet (high-protein) was not different to that on the two high-carbohydrate diets, it was significantly lower than that achieved by the high fat Atkins diet (34) . Long-term studies such as these are not surprisingly associated with poor compliance and high dropout rates making it difficult to draw definitive conclusions regarding the effects of macronutrient composition on weight loss (31, 35, 33, 34) .
One study that reported greater weight and fat loss with an energy-restricted high-protein diet compared with a highcarbohydrate diet involved very high protein intakes (45 % of energy) (36) . Subjects lost 8·8 kg on the high-protein diet compared with 6·1 kg on the high-carbohydrate diet over four weeks. To achieve this all meals were provided and it is unlikely that this level of protein intake could have been sustained in a more free-living context. Lasker and colleagues found greater fat loss and weight loss in their 4-month study comparing a high-protein diet with a high-carbohydrate diet but the study appeared to be underpowered and the results just bordered statistical significance (30) . Somewhat more convincing evidence for a benefit of high-protein diets during weight loss was provided in a 12-month study by Clifton and colleagues (32) . Although weight loss was not statistically significantly different between subjects assigned to high-protein or high-carbohydrate diets, a post-hoc analysis showed that in subjects in the highest tertile of self-reported protein intake (. 88 g/d of protein) weight loss was twice that observed in the lower two tertiles of intake (32) . A particularly important limitation of the studies which have concluded that high protein intakes confer benefits in terms of weight loss when compared with high-carbohydrate diets relates to the nature of carbohydrate consumed by those randomized to the various high-carbohydrate comparison groups. High-carbohydrate diets which consist predominantly of foods high in rapidly digested starches and sugars and are low in dietary fibre would be unlikely to promote weight loss (37) . None of the studies involving energy restriction thus far mentioned have specifically addressed the nature of carbohydrate in the comparison diets. Of those that have reported dietary fibre intakes, in only a few studies have subjects assigned to the high-carbohydrate diets achieved intakes of more than 25 g of fibre per day (25, 27, 28) , generally assumed to be the lower level of intake that may confer benefit (38) . However insufficient information was provided to determine whether the carbohydrate consumed was of appropriate quality. None of these studies, whether or not dietary fibre intakes were adequate, reported differences in weight change between the high-protein and high-carbohydrate diets. Recent research conducted by our group has addressed this issue (39) . We compared a relatively high-protein diet with a low-fat, high-carbohydrate diet that was rich in dietary fibre derived principally from minimally processed grains, cereals and legumes. The 8-week trial was designed as a proof of concept study aiming to achieve weight loss. A total dietary protein intake of 28 % of energy, of which 75 % was derived from animal sources (including dairy), was achieved on the high-protein diet compared with 22 % of energy in the highcarbohydrate, high-fibre diet. Dietary fibre intakes were 24 g/d and 39 g/d respectively. Participants on both diets lost weight (4·5 kg on the high-protein diet and 3·3 kg on the high-carbohydrate, high-fibre diet), and reduced waist circumference, truncal fat, systolic blood pressure, fasting plasma glucose, total and LDL-cholesterol and triglyceride, insulin and an increase in insulin sensitivity, and without any loss of lean body mass. However participants on HP lost 1·3 kg more weight and 1·3 kg more total body fat and achieved a greater reduction in diastolic blood pressure (3·7 mm Hg). Although improvements in most other risk factors were more marked on the high-protein diet than the highcarbohydrate, high-fibre diet the differences between diets did not achieve conventional levels of statistical significance.
In a second six month study we compared in indigenous Māori adults at risk of diabetes, the standard dietary prescription emphasizing benefits of fibre-rich carbohydrate foods, and a diet compatible with food choices of indigenous people including more protein-rich foods and less carbohydrate with a control diet (unpublished data). We found that a high-protein diet (30 % of energy) based on traditional and western high protein foods achieved a meaningful and highly statistically significant reduction in body weight (2·6 kg), waist circumference (3 cm) and body fat (1·6 kg) compared with the control diet. This was maintained even after cessation of intensive, prescriptive advice. The conventional high-carbohydrate high-fibre advice, although associated with small statistically significant losses in total body weight (1·9 kg) when compared with the control diet, did not produce changes in waist circumference or body fat. Wholegrain cereals and breads which are staple foods in a fibre-rich highcarbohydrate diet were not favoured by the Māori participants who did not appreciably increase their intake of dietary fibre despite intensive advice to do so. Given that advice to increase fibre-rich carbohydrate foods and decrease fat, the cornerstones of current recommendations, are unacceptable for New Zealand Māori, a diet relatively high in protein would seem to be an appropriate alternative for them and possibly other indigenous populations.
Several of the studies which did not show an effect of diet on body weight loss have shown that compared with highcarbohydrate diets high-protein diets appear to preserve lean body mass and/or lead to reduced fat mass during weight loss which is of particular relevance with regard to the metabolic syndrome (40, 18, 25, 41, 2, 42, 30, 23, 43) . A metaregression of 87 dietary intervention studies involving energy restriction and lasting for four or more weeks showed that while diets involving carbohydrate restriction were associated with increased weight and fat loss, protein intake was not (2) . It is important to note that the nature of the carbohydrate was not considered in the meta-regression. Nevertheless higher protein intakes (.1·05 g protein kg (2 1) ) were associated with greater retention of lean muscle mass during weight loss and there was a trend towards enhanced fat loss. The research carried out by our group did not find superior retention of lean body mass during weight loss on high-protein diets in comparison with high-carbohydrate diets. However the protein intakes achieved on our high-carbohydrate diets were 20-22 % of total energy which is relatively high compared to the high-carbohydrate diets reported in the metaregression (2) . This reflects the nature of diets typically consumed by New Zealanders.
Uncontrolled intervention studies assessing the effectiveness of high-protein diets without a comparative group provide further limited evidence of benefits of a high-protein diet. In one such study Weigle and colleagues increased protein intake without carbohydrate restriction (i.e. at the expense of dietary fat). This appeared to facilitate weight loss despite ad-libitum intake of energy (41) . Healthy nonobese subjects consumed a weight-maintaining standard protein diet (15 % of energy) for 2 weeks, followed by a weight-maintaining high-protein diet (30 % of energy) and then an ad-libitum high-protein diet for 12 weeks. Carbohydrate content was maintained at 50 % of energy during all 3 dietary phases. Subjects reported a decrease in appetite and a reduction in energy intake of approximately 2000 kJ/d during the ad libitum phase. This resulted in a constant rate of weight loss during the 12-week period. Fat loss accounted for 76 % of the weight loss. However in a separate but parallel study by this group similar effects on satiety, energy intake and weight loss were observed in subjects following an ad-libitum low-fat, high-carbohydrate diet for 12 weeks (44) . Thus while the high-protein approach was beneficial the evidence suggested no particular advantage over a low-fat, high-carbohydrate diet. In another study overweight subjects with metabolic syndrome also successfully lost weight and fat following a carbohydrate-restricted diet that was relatively high in protein and MUFA (the South Beach Diet) (45) . A highprotein diet (Zone Diet) has been reported to be beneficial in men with gout and risk factors for the metabolic syndrome, resulting in weight loss and corresponding improvement in metabolic syndrome risk factors as well as a significant reduction in gout attacks (46) . These results are of interest because the high-protein diet was rich in purines (derived principally from protein-rich flesh foods) whereas dietary recommendations for gout generally include a restriction of dietary purines (47) . Thus while uncontrolled studies do not generate definitive conclusions these studies suggest that high-protein diets may be an effective treatment option for individuals with metabolic syndrome.
Insulin sensitivity
Reducing adiposity is generally associated with increased insulin sensitivity (48) . However relatively few studies have compared the effects of high-protein diets varying in macronutrient composition on insulin sensitivity. Limited data suggest that moderately high-protein weight-loss diets (25-30 % of energy) improve glucose metabolism and insulin sensitivity in comparison with low-fat, high-carbohydrate diets. Piatti and colleagues compared the effect of highprotein and high-carbohydrate weight loss diets on insulin sensitivity in obese women (40) . After 3 weeks, insulin sensitivity measured with the euglycaemic clamp was maintained on the high-protein diet but had declined by approximately 30 % on the high-carbohydrate diet. While there were no statistically significant differences in weight loss, there was a greater retention of fat-free mass in the high-protein group which may account for the difference in insulin sensitivity. In men and women with type two diabetes Parker and colleagues also showed that compared with a high-carbohydrate diet a moderately high-protein diet was associated with improved insulin sensitivity, measured by a 150 min lowdose glucose and insulin infusion test. Again both groups lost a similar amount of weight although women lost more abdominal fat on the high-protein diet (49) . In contrast Sargrad and colleagues conducted a small, parallel-design, eight-week weight-loss trial in 12 individuals with type two diabetes comparing high-protein and high-carbohydrate diets. While weight loss was equivalent on the two diets there was a 25 % increase in total body glucose uptake (euglycaemic clamp) on the high-carbohydrate diet, but no change on the high-protein diet (50) . Differences in extent of impairment in carbohydrate metabolism, variation in methods of assessing insulin sensitivity and limited power of the studies due to small sample sizes may well explain these inconsistencies. However further studies are required to elucidate the effect of protein on insulin sensitivity in overweight and obese individuals and those with type two diabetes or impaired glucose tolerance.
In the context of weight maintenance limited data suggest that increased dietary protein intakes may be associated with reduced insulin sensitivity and alterations in glucose metabolism that are considered unfavourable (51) . Adults who habitually consume high-protein diets (.0·8 g protein/kg/d) have been shown to have lower insulin sensitivity and increased endogenous glucose production than those consuming low protein diets (, 0·8 g/kg/d) (52) . We recently reported on the effect on body composition and metabolic risk factors of a diet moderately high in both protein and dietary fibre and without advice to restrict energy intake in women at risk of developing diabetes (53) . This study also examined the effect of the diet on insulin sensitivity measured with the dynamic insulin sensitivity and secretion test (DISST) (54) . We found that individuals following the high-protein and high-fibre diet had a significant reduction in insulin sensitivity in comparison with individuals following standard dietary advice even though body composition and blood lipids were significantly improved (unpublished data). These apparently conflicting findings about the effect of high-protein diets on insulin sensitivity are currently being examined further in large controlled trials.
Animal studies shed some light on the action of protein but do not explain the apparently conflicting findings. A study in normal adult rats showed that high-protein, reduced-carbohydrate diets led to reduced insulin-mediated glucose disposal, raised fasting glucose concentrations and increased hepatic glucose production (55) . When carbohydrate was added back into the low-carbohydrate diets insulin sensitivity was restored suggesting that it was the lack of carbohydrate rather than an excess of protein that caused the insulin resistance. Long-term high-protein feeding has also been shown to improve hyperglycaemia and glycosuria in severely diabetic rats (56) .
Other metabolic syndrome abnormalities
Although the effect of high-protein diets on insulin sensitivity is unclear, especially in weight stable individuals, this dietary approach has consistently been shown to improve a range of abnormalities associated with the metabolic syndrome in comparison with standard high-carbohydrate diets. A consistent finding in intervention studies has been a reduction in plasma triglyceride concentrations in conjunction with weight loss with moderately high-protein diets in comparison with high-carbohydrate diets (18, 57, 26, 19, 21, 28, 29, 22, 43) . Several studies have also found a relative improvement in HDLcholesterol on high-protein diets (58, 43) . There is some evidence that high-protein diets may be particularly beneficial in individuals with features of the metabolic syndrome. Noakes and colleagues reported that subjects with elevated triglyceride concentrations lost more weight on a high-protein diet compared with a high-carbohydrate diet whereas individuals with lower triglyceride concentrations lost a similar amount of weight on both diets (28) . Other groups have reported inverse relationships between protein intake and blood pressure, particularly in hypertensive individuals (59 -62,4) . Moreover high-protein, reduced-carbohydrate diets have been shown to improve measures of glycaemic control in subjects with T2DM (49, 63, 64) . It should be noted, once again, that the nature of the carbohydrate in the comparison high-carbohydrate diets was not considered in these studies.
Protein and body weight epidemiology
In contrast with the findings of controlled trials of high-protein diets a number of epidemiological studies have found a positive association between red meat consumption (a major contributor to protein intakes in Western diets (65 -67) ) and weight gain (68 -74) . In an analysis of the Oxford cohort of the large European Prospective Investigation into Cancer (EPIC) study Rosell and colleagues found that meat eaters gained more weight than vegans over 5·3 years and this was strongly associated with a higher percentage of energy from protein and a lower intake of dietary fibre (74) . Very recently an analysis of the EPIC population including 103,455 men and 270,348 women showed that total meat intake as well as intakes of red meat, poultry and processed meat was positively associated with weight gain in all subjects, irrespective of sex, degree of adiposity and smoking status, during 5 years of follow-up (75) . However Vergnaud and colleagues showed that meat intake was associated with weight gain even after adjusting for dietary pattern scores suggesting the possibility that residual confounding might fully explain the observed associations (68) . The findings of these cohort studies would seem to be sufficient to negate the findings that a relatively high-protein diet may be an effective strategy for promoting weight loss and improving the metabolic derangements in those who are overweight, obese or have factors of the metabolic syndrome or diabetes.
Mechanisms for the effect of protein on weight loss
High-protein diets may influence energy balance by increasing post-meal satiety and increasing basal energy expenditures (76) . These factors may largely explain the effects of protein on weight and fat loss. Acute meal studies have shown that subjects report greater satiety after consuming higher protein meals compared with standard high-carbohydrate meals (77, 78) , in some cases resulting in increased post-meal energy expenditure (79) or reduced energy intake at a subsequent meal (80, 81) . Controlled metabolic studies conducted in respiration chambers show that over the duration of one to several days, high-protein diets (providing protein in excess of requirements) continue to be more satiating than diets higher in both fat and carbohydrate although energy intake is not reduced (82, 83) . Higher protein intakes may increase energy expenditure by increasing diet induced thermogenesis (DIT) (76) . DIT relates to the amount of energy required for absorbing and metabolising the nutrients (including increased body protein turnover in the case of amino acids) and storing that which is not immediately oxidised for energy. DIT values have been shown to be substantially greater (17 %) for protein-rich meals than for fat-rich and carbohydrate-rich meals (82, 84, 76) . A relative inefficiency in protein metabolism may contribute to the higher DIT and thus the weight loss benefits reported with higher protein diets. Amino acids in comparison with fatty acids and glucose are catabolised less efficiently, yielding lower net amounts of ATP (76) . On the basis of acute studies in respiration chambers it has been proposed that the greater diet-induced energy expenditure with high-protein meals also contributes to increased feelings of satiety as a result of increased oxygen consumption and body-temperature (82) but the evidence is not consistent (84) . There is some evidence from acute meal studies that different proteins appear to influence appetite, satiety and energy expenditure to a greater or lesser extent. Whey protein (derived from milk) has been shown in some studies to be more satiating than casein or soya but results are inconsistent, possibly due to widely varying amounts of protein provided in the test meals (85) . Animal proteins may increase protein oxidation and energy expenditure more than plant-derived proteins such as soya (86) . The effects of different proteins appear to be related to the composition of amino acids in the protein source and the digestibility of the protein, which may have varying effects on the concentrations of hormones associated with appetite regulation (i.e. anorexigenic hormones) including cholecystokinin (CCK), glucagon-like-peptide-1 (GLP-1) and peptide tyrosin-tyrosin (PYY) (85, 76) . It has also been proposed that specific amino acids consumed in the diet may be directly channelled into the synthesis of neurotransmitters involved in appetite regulation (76) .
For example there has been some interest in the amino acid tryptophan because it may be a precursor for the synthesis of the anorexigenic neurotransmitter serotonin. However, while it is possible to increase serotonin activity through increased tryptophan intake, tryptophan supplementation in a single meal did not appear to influence satiety (87) . Moreover an ad-libitum high-protein diet which led to spontaneous energy reduction and weight-loss found no evidence of dietary-induced changes in tryptophan or serotonin to explain this (88) . Elevated concentrations of specific amino acids in high-protein diets may explain the effect of protein in sparing lean muscle mass during weight loss. In a review of the role of leucine in weight loss Layman and Walker hypothesize that the branched chain amino acids (BCAA), in particular leucine, have a key metabolic role in muscle sparing by acting as both a regulator and a substrate for muscle protein synthesis (89) . Supplementation with leucine has been shown to stimulate muscle synthesis during catabolic conditions such as exercise or overnight fasting in acute studies. In weightloss trials high-protein diets (125 g/d protein) designed to provide twice the leucine concentration found in standard low-fat, high-carbohydrate diets resulted in a greater loss of fat mass without any greater loss of lean muscle mass compared with high-carbohydrate diets (26, 43) . The metabolic pathways that are dependent on leucine appear to be optimised with a high-protein diet (approximately 25-30 % of energy) based on high quality proteins such as those found in eggs, dairy products and meat. However experimental evidence to support a specific role of leucine in sparing lean mass during weight loss is limited. Leucine may also play an important role in regulating glucose homeostasis. Leucine (and the other BCAAs) provide amino nitrogen for the synthesis of the amino acid alanine. Alanine is required for hepatic gluconeogenesis which is important for maintaining stable blood glucose concentrations particularly in the fasting condition (90, 89) . Feeding subjects a high-protein breakfast has been shown to increase plasma levels of leucine and alanine whereas a high-carbohydrate diet had no effect on plasma amino acid concentrations (90) . However whether or not a leucine-rich high-protein diet will improve glucose homeostasis remains to be shown.
Two amino acids found in red meat, taurine and arginine, could explain the positive associations observed between high-protein diets and blood pressure lowering. Taurine has been shown to improve blood pressure in hypertensive humans and rats (91) , while arginine has been shown to improve vasodilation, endothelial function and blood pressure in subjects with hypertension (92, 93) . However other factors associated with higher protein diets, such as reductions in carbohydrate or sodium intakes, may also improve blood pressure (62) .
Conclusion
In short term studies, when compared with high-carbohydrate diets, diets relatively high in protein promote a greater reduction in body fat and blood pressure and an improved lipid profile. Several plausible mechanisms have been proposed for the effects of a high-protein diet on body weight loss but differences are most striking when ad libitum energy intakes are permitted suggesting that weight loss is mediated via a reduction in energy intake rather than unique thermic properties of protein. 
